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In a paper in this issue of Developmental Cell, Shibutani et al. (2008) uncover the mechanism that underlies
tightly regulated S-phase degradation of Drosophila E2F1 during development. They show that dE2F1 is
degraded by the Cul4Cdt2 ubiquitin ligase in amanner that resembles the DNA replication-dependent turnover
of Cdt1.As any director will tell you, for a produc-
tion to run smoothly the key players must
enter and exit the stage precisely on cue.
In metazoan cells, E2F transcription
factors play critical roles in the control of
cell proliferation, differentiation, and cell
death. E2F-mediated regulation of gene
expression results from interplay between
activator and repressor E2F complexes.
Repressor E2Fs are relatively abundant
and broadly expressed. Activator E2Fs,
on the other hand, are potent molecules
with the potential to drive proliferation or
induce apoptosis, and their levels and
activity are kept under tight control.
The best-known mechanism of E2F
regulation is the reversible interaction
between activator E2Fs and the retino-
blastoma tumor suppressor (pRB). This
interaction inhibits E2F-dependent tran-
scription, is regulated by cyclin-depen-
dent kinases, and is compromised in
many tumor cells. However, it has be-
come increasingly clear that there are ad-
ditional mechanisms that limit the levels
and/or timing of activator E2F activity.
This point is beautifully illustrated by
the striking fluctuations in dE2F1 levels
that occur during Drosophila develop-
ment (Asano et al., 1996; Shibutani et al.,
2007). In eye imaginal discs, dE2F1 pro-
tein accumulates to high levels in the G1
phase of the cell cycle but is rapidly
and dramatically degraded as cell enter
S phase (Asano et al., 1996). This process
effectively silences dE2F1 once its role
has been performed, allowing the cell to
avoid the potentially harmful conse-
quences of deregulated E2F activity.
How E2F proteins are removed in such
a timely fashion was a long-standing mys-
tery. Studies in Drosophila and mamma-
lian cells have identified ubiquitin ligases
that can stimulate the ubiquitylation of
E2F proteins, but until now it has beenlargely unclear which of these complexes
are needed to control the levels of the
endogenous E2Fs. However, in this issue
of Developmental Cell, Shibutani et al.
(2008) demonstrate that S phase-specific
destruction of dE2F1 requires PCNA,
Cul4, Cdt2, and sequences near the N ter-
minus of dE2F1 that contain a putative
PCNA-interacting-protein (PIP) motif.
Shibutani et al.’s findings suggest that
the degradation of dE2F1 is catalyzed by
the Cul4Cdt2 ubiquitin ligase in a manner
closely resembling S phase-specific pro-
teolysis of the replication factor Cdt1.
Studies of Cdt1 degradation have shown
that Cul4Cdt2-mediated protein turnover
is intimately linked to DNA replication.
Ubiquitylation occurs on chromatin, and
the interaction of Cdt1 with PCNA via the
PIP-box motif is critical for modification
by Cul4Cdt2 (reviewed in Arias and Walter,
2007). Shibutani and colleagues (2008)
show that dE2F1 protein with a mutation
in the PIP-box accumulates in S phase
cells in both tissue culture cells and
in vivo. They also found that S phase-spe-
cific turnover of dE2F1 was unaffected
by the presence or absence of RBF1 but
does require dDP, the heterodimeric part-
ner of dE2F1.
The discovery of the dE2F1 PIP box
enabled Shibutani and colleagues (2008)
to investigate the functional significance
of Cul4Cdt2-mediated dE2F1 turnover
in vivo. When expressed in transgenic
animals, a PIP-box mutant of dE2F1
increases target gene expression and
BrdU incorporation and causes high
levels of apoptosis compared to expres-
sion of wild-type dE2F1. The defects
were most pronounced in endoredupli-
cating cells and in tissues that are highly
sensitive to altered levels of dE2F1. These
results suggest that the timely destruction
of dE2F1 is important for normal develop-Developmental Cell 15ment. Targeted mutagenesis of the de2f1
locus is now needed to examine this in
detail, and to test the prediction that
Cul4Cdt2 and RBF1 provide distinct but
complementary modes of dE2F1 control.
The discovery that dE2F1 is targeted by
Cul4Cdt2 raises many intriguing questions.
One is how many other proteins are tar-
geted for degradation by the same route.
Clearly, Cdt1 is not the only important
target of Cul4Cdt2. Recently, the Cdk-
inhibitor p21 has been shown to be de-
graded by a similar mechanism (Abbas
et al., 2008; Kim et al., 2008; Nishitani
et al., 2008). Many different PCNA binding
proteins have been described (reviewed
inMoldovan et al., 2007) and, with the dis-
covery that dE2F1 is also a target, one can
easily imagine that Cul4Cdt2 complexes
might provide a general mechanism for
controlling the levels of many different
proteins in S phase cells.
It is also interesting to note that the
ubiquitylation of the two other known
Cul4Cdt2 substrates, Cdt1 and p21, is con-
trolled by cooperative action of at least
two E3 ligases (Cul4Cdt2 and SCFSkp2).
The complexes previously implicated in
S-phase degradation of activator E2Fs in
Drosophila and human cells are both
forms of SCF (SCFSkp2, Marti et al., 1999;
SCFSlmb, Heriche et al., 2003). SCF com-
plexes do not appear to play an important
role in S phase-specific elimination of
dE2F1 in the cells examined by Shibutani
et al. (2008). However, it remains possible
that SCF complexes may contribute to
the turnover of dE2F1 in specific cell
types, or stages of development, andmay
be more important for E2F regulation in
other species. In addition, the targeting
of Cdt1 and p21 by Cul4Cdt2 is not re-
stricted solely to S phase, but also occurs
upon DNA damage and is thought to be
critical for optimal DNA repair. In contrast,, December 9, 2008 ª2008 Elsevier Inc. 793
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human cells, suggesting that either E2F1
is not targeted by Cul4Cdt2 in human cells
or that there is an additional level of target
selectivity that separates E2F1 from Cdt1
and p21 during DNA damage.
A second outstanding question is how
exactly the encounter between dE2F1,
PCNA, and the Cul4Cdt2 ligase is orches-
trated. Do dE2F1 complexes move from
their normal binding sites at E2F pro-
moters that are scattered through the
genome and relocate to PCNA? Or do
PCNA complexes encounter dE2F1/dDP
heterodimers during the process of DNA
replication (Figure 1)? Whatever the
mechanism is, it must allow the majority
of dE2F1 to be eliminated rapidly and
without extensive DNA replication (Asano
et al., 1996; Heriche et al., 2003). It will
also be interesting to investigate how
this mechanism for dE2F1 turnover is
controlled during Drosophila develop-
ment. During the early stages of embryo-
genesis, dE2F1 is uniformly expressed
and appears to be stable. Is the Cul4Cdt2
complex inactive in these early cycles?
Is it unable to recognize dE2F1 as a sub-
strate, or is there an activity that protects
dE2F1 from turnover?
Currently, it is not clear whether this
Cul4Cdt2 mechanism of dE2F1 degrada-
tion is conserved in other species. Human
activator E2Fs lack an obvious PIP box
motif (Shibutani et al., 2008), but, given
the variety of PCNA-interacting motifs
that have been reported, it is still possible
that mammalian E2Fs are targeted by the
Cul4Cdt2 complex using a similar mecha-
nism. On this and other aspects, there is
clearly much more to learn. Nevertheless,
the work by Shibutani and colleagues
(2008) already provides an elegant and
simple explanation for the apparently
magical disappearance of dE2F1 at
the G1 to S transition during Drosophila
development.
REFERENCES
Abbas, T., Sivaprasad, U., Terai, K., Amador, V.,
Pagano, M., and Dutta, A. (2008). Genes Dev. 22,
2496–2506.
Arias, E.E., andWalter, J.C. (2007). Genes Dev. 21,
497–518.
Asano, M., Nevins, J.R., and Wharton, R.P. (1996).
Genes Dev. 10, 1422–1432.
Heriche, J.K., Ang, D., Bier, E., and O’Farrell, P.H.
(2003). BMC Genet. 4, 9.
Kim, Y., Starostina, N.G., and Kipreos, E.T. (2008).
Genes Dev. 22, 2507–2519.
Marti, A., Wirbelauer, C., Scheffner, M., and Krek,
W. (1999). Nat. Cell Biol. 1, 14–19.
Moldovan, G.L., Pfander, B., and Jentsch, S.
(2007). Cell 129, 665–679.
Nishitani, H., Shiomi, Y., Iida, H., Michishita, M.,
Takami, T., and Tsurimoto, T. (2008). J. Biol.
Chem. 283, 29045–29052.
Shibutani, S., Swanhart, L.M., and Duronio, R.J.
(2007). Development 134, 467–478.
Shibutani, S.T., de la Cruz, A.F.A., Tran, V., Turby-
fill, W.J., III, Reis, T., Edgar, B.A., and Duronio, R.J.





















Figure 1. S Phase dE2F1 Turnover Is Mediated by Cul4Cdt2 and PCNA and Intimately Linked
to DNA Replication
Shibutani and colleagues (2008) report that S phase-coupled degradation of dE2F1 requires Cul4, Cdt2,
PCNA, and a region of dE2F1 that contains a putative PIP boxmotif. PCNA travels with DNA polymerases,
stabilizing their binding to DNA and increasing their processivity. Themodel that has emerged from studies
of Cul4Cdt2-mediated, PCNA-dependent degradation of Cdt1 is that the chromatin-associated pool of
PCNA promotes S-phase ubiquitylation (reviewed in Arias and Walter, 2007). Chromatin-bound PCNA
is concentrated at replication forks, and this raises the interesting question of how Cul4Cdt2 and PCNA
find a dE2F1 substrate. Is dE2F1 targeted for ubiquitylationwhen associatedwith DNA orwhen it is soluble
(1)? Does dE2F1 translocate from E2F-regulated promoters to be ubiquitylated by Cul4Cdt2 (2), or is dE2F1
turnover linked to the replication of dE2F1-regulated genes (3)?794 Developmental Cell 15, December 9, 2008 ª2008 Elsevier Inc.
